ABSTRACT The effect of irradiation on color, lipid oxidation, and volatile production of precooked, irradiated turkey breast during frozen storage was studied. Turkey breast muscles were precooked, aerobically or vacuumpackaged, irradiated at 0, 2.5, or 5.0 kGy using a linear accelerator (electron beam), and then frozen-stored at −40 C. Lipid oxidation, volatiles, color values, gas production, and oxidation-reduction potential (ORP) of meat were determined during 3-mo storage periods. Ionizing radiation produced characteristic off-odor volatiles (dimethyldisulfide and methylthioethane) and lipid oxidation products in precooked, frozen turkey breast. The production of volatiles was accelerated by the confounding effect
INTRODUCTION
Oxidative changes such as development of rancidity or off-flavor and discoloration are major concerns in the storage of cooked poultry meat. Cooked poultry meat is highly susceptible to oxidative changes because of its high unsaturated fatty acids composition. The cooking process denatures antioxidant components, damages cell structure, and exposes membrane lipids to extracellular environments (Ahn et al., 1993) . Irradiation of poultry meat can provide consumers with products safe from foodborne pathogens (Thayer, 1990) , but ionizing radiation generates free radicals in meat systems. The formation of highly reactive free radicals may initiate free-radical chain reactions, such as lipid oxidation, pigment discoloration, or interaction between lipids and heme pigments (McMillin, 1996) . Therefore, irradiation of precooked poultry meats can accelerate the development of lipid oxidation and off-flavor, and attention is needed when precooked poultry meats are irradiated. 2 To whom correspondence should be addressed: duahn@iastate.edu.
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of high irradiation dose, aerobic packaging, and increased storage time. Volatile production and color changes in irradiated, precooked turkey breast were induced by different mechanisms. Irradiation increased pink color in precooked, vacuum-packaged turkey breast, and the pink color was stable during frozen storage. Decreased ORP and increased CO in irradiated meat indicated that denatured CO-heme pigments could be responsible for the pink color in precooked, irradiated turkey breast. Vacuum packaging was better than aerobic packaging in preventing lipid oxidation and oxidation-dependent volatile production, but pink color in precooked, irradiated turkey breast during frozen storage was maintained.
Irradiated raw meat developed a characteristic off-odor compared with the nonirradiated control (Lynch et al., 1991) . Ahn et al. (2001) reported that sulfur-containing compounds such as mercaptomethane and dimethyldisulfide, not related with lipid oxidation, were responsible for most of the irradiation off-odor in pork, but the sulfur compounds volatilized quickly during aerobic storage. Irradiation of oil emulsions containing several sulfur-containing amino acids produced similar volatile compounds to irradiated meat systems. This finding indicated that radiolysis of proteins played an important role in offodor generation of irradiated meat . Irradiation also increased red color in raw poultry breast meat (Millar et al., 2000; Du et al., 2000) . The generation of pink color in precooked, irradiated meat can be regarded as undercooked or contaminated. Our unpublished data showed that irradiation of meat increased reducing power and generated gas compounds that can act as a sixth ligand of myoglobin.
The quality changes in meat can be different depending upon the reactions between meat components and free radical species produced by irradiation. The quality deterioration of meat by irradiation can also be reduced or delayed by excluding oxygen from meat or freezing meat.
The oxidative stability of meat components can be enhanced in frozen state as in refrigerated storage. With decreased mobility under frozen states, free radicals tend to recombine with the original substances rather than diffuse through the food and react with other food components (Taub et al., 1979) .
Although many researchers have studied oxidative changes in irradiated meat systems, little information on quality changes in precooked turkey breast meat during frozen state is available. The objective of this study was to determine the effect of irradiation on color, lipid oxidation, and volatile production in precooked, irradiated turkey breast during frozen storage.
MATERIALS AND METHODS

Sample Preparation and Irradiation
Turkey breast (pectoralis) muscles were separated from 50 turkey carcasses and randomly grouped into four replications. The muscles were sliced to steaks that were 3 cm thick and were packaged in polyethylene oxygenpermeable zipper bags 3 (4 × 6, 2 mil) or oxygen-impermeable nylon/polyethylene bags 4 (9.3 mL O 2 /m 2 per 24 h at 0 C). Four pieces of sliced steaks (one piece from each replication) were packaged in each bag. The packaged samples were fully cooked in an 80 C water bath to an internal temperature of 75 C. After draining meat juice, the cooked meats were repackaged as before cooking. For aerobically packaged meats, four packages were put in a large vacuum bag, vacuum-packaged, and stored at 4 C to minimize oxidative changes before irradiation. The outer bag was cut open before irradiation. The vacuumand aerobically packaged samples were placed in a single layer on trays and irradiated at 0, 2.5, or 5.0 kGy using a linear accelerator 5 (Circe IIIR). The energy level was 10 MeV, the power level was 10 kW, and the average dose rate was 95.5 kGy/min. The max/min ratio was approximately 1.38 for 2.5 kGy and 1.43 for 5 kGy. To check the applied dose, alanine dosimeters were attached to the top and bottom surfaces of a sample (one sample per cart). The alanine dosimeters were read using a 104 Electron Paramagnetic Resonance Instrument. 6 The meat samples were stored in a dark freezer room (−40 C) for up to 3 mo. Lipid oxidation, color, and ORP values of meat samples were determined at 0, 1.5, and 3 mo, and volatile compounds and gas production were determined at 0 and 3 mo of frozen storage. 
Analysis of TBA-Reactive Substances Value
Lipid oxidation was determined by TBA-reactive substances (TBARS) method (Ahn et al., 1998) . A minced sample (5 g) was placed in a 50-mL test tube, together with 15 mL of deionized distilled water, and the sample was homogenized using a Brinkman Polytron 7 (Type PT 10/35) for 15 s at high speed. The meat homogenate (1 mL) was transferred to a disposable test tube (13 × 100mm), and butylated-hydroxytoluene (7.2%, 50 µL) and TBA (20 mM)/trichloroacetic acid (15% wt/vol) solution (2 mL) was added. The mixture was vortexed and then incubated in a 90 C water bath for 15 min to develop color. After cooling for 10 min in cold water, the sample was vortexed, centrifuged at 3,000 × g for 15 min at 5 C, and then read at 531 nm against a blank containing 1 mL deionized distilled water and 2 mL TBA/trichloroacetic acid solution. The amounts of TBARS were expressed as milligrams of malondialdehyde per kilogram of meat.
Analysis of Volatile Compounds
A purge-and-trap apparatus 8 (Precept II and Purge and Trap Concentrator 3000) connected to a gas chromatograph/mass spectrometer 9 (GC/MS) was used to analyze volatiles responsible for the off-odor in samples (Ahn et al., 2001 ). The minced sample (2 g) was placed in a 40-mL sample vial and then flushed with helium gas (40 psi) for 5 s. Samples were held in a refrigerated (4 C) sample tray for less than 4 h to minimize oxidative changes during the period before analysis.
The meat sample was purged with helium gas (40 mL/ min) for 13 min at 40 C. Volatiles were trapped at 20 C using a Tenax column 7 and desorbed for 2 min at 22 C. The desorbed volatiles were concentrated at −90 C using a cryofocusing unit, 7 thermally desorbed, and injected (30 s) into a capillary column by increasing the temperature to 220 C. An HP-624 column 8 (7.5 m, 0.25 mm i.d., 1.4 µm nominal), an HP-1 column 8 (52.5 m, 0.25 mm i.d., 0.25 µm nominal), and an HP-Wax column 9 (7.5 m, 0.25 mm i.d., 0.25 µm nominal) were connected using a zero deadvolume column connector.
10 Ramped oven temperature was used to improve volatile separation. The initial oven temperature of 0 C was held for 2.50 min. Then the oven temperature was increased to 10 C at 2.5 C per min, increased to 45 C at 10 C per min, increased to 110 C at 20 C per min, then increased to 210 C at 10 C per min, and was held for 2.5 min at that temperature. Constant column pressure at 20.5 psi was maintained. The ionization potential of the mass selective detector 9 (Model 5973) was 70 eV, and the scan range was 18.1 to 300 m/z. Identification of volatiles was achieved by comparing mass spectral data of samples with those of the Wiley library.
9 Standards, when available, were used to confirm the identification by the mass selective detector. The area of each peak was integrated using ChemStation software, 9 and the total ion count × 10 4 was reported as an indicator of volatiles generated from the meat samples.
Color Measurement
CIE color values were measured on the surface of samples using a LabScan color meter 11 that had been calibrated against a black and a white reference tile covered with the same bags as were used for the sample. The CIE L* (lightness), a* (redness), and b* (yellowness) values were obtained using a setting of illuminant A. An average value from two random locations on each sample surface was used for statistical analysis.
Measurement of ORP
A pH/ion meter 12 (Accumet 25) was used to measure ORP. A platinum electrode filled with 4 M KCl solution saturated with AgCl was tightly inserted at the center of a meat sample (∼100 g). To minimize the effect of air, the smallest possible pore was made by a cutter before the insertion of an electrode. To compensate for the effect of temperature, a temperature-reading sensor was also inserted. ORP readings (mV) were recorded at exactly 2 min after inserting the electrode into a sample.
Analysis of Gas Production
A minced meat sample (10 g) was placed in a 24-mL, wide-mouth, screw-cap glass vial with a Teflon-fluorocarbon resin/silicone septum. 13 The vial was microwaved for 10 s at full power to release gas compounds from the meat sample. After 5 min of cooling at room temperature, the headspace-gas (200 µL) was withdrawn using an airtight syringe and injected to a split inlet (split ratio, 9:1) of a GC. A Carboxen-1006 Plot column 14 (30 m × 0.32 mm i.d.) was used, and a ramped oven temperature was used (initial temperature was 50 C and was increased to 160 C at 25 C/min).
Helium was the carrier gas at a constant flow of 2.4 mL/min. A flame ionization detector equipped with a Nickel catalyst 9 was used as a detector, and the temperatures of inlet, detector, and Nickel catalyst were set at 250, 280, and 375 C, respectively. Detector air, H 2 , and make-up gas (He) flows were 400, 40, and 50 mL/min, respectively. The identification of gas compounds was achieved using standard gases (CO, CH 4 , and CO 2 ) and GC/MS 9 (Model 5873). To quantify the amounts of gases released, each peak area (pA × s) was converted to a gas concentration (ppm) contained in the headspace (14 mL) of a 10-g meat sample and was compared to the CO concentration existing in air (330 ppm).
Statistical Analysis
The experimental design was to determine the effects of irradiation on lipid oxidation, volatile compounds, color, 11 Hunter Associated Labs. Inc., Reston, VA 22090-5280. 12 Fisher Scientific, Pittsburgh, PA 15205-9913.
13
I-Chem, Co., Marietta, GA 30062.
14 Supelco, Bellefonte, PA 16823-0048.
ORP, and gas production in samples with different packaging and storage times. The data were analyzed using SAS software (SAS Institute, 1985) by the generalized linear model procedure; Student-Newman-Kuel multiple-range test was used to compare the differences among means. Mean values and standard errors of the means (SEM) were reported. Significance was defined at P < 0.05.
RESULTS AND DISCUSSION
Lipid Oxidation and Volatile Production
Storage time influenced the TBARS value of precooked turkey breast during frozen storage, especially in aerobic conditions, but irradiation did not (Table 1) . Under aerobic conditions, the TBARS values of precooked turkey breast increased with the increase of storage time, regardless of irradiation doses. The TBARS of precooked turkey breast stored for 3 mo at −40 C were approximately two times as great as that at 0 mo. Under vacuum conditions, precooked turkey breast was more stable than under aerobic conditions, regardless of irradiation and storage.
Irradiation and packaging were critical factors influencing volatiles production in precooked turkey breast (Table 2) . Under aerobic conditions, nonirradiated samples had fewer numbers of volatiles than irradiated, and 2-propanone was the predominant volatile. Acetaldehyde, propanal, and thiobis methane, usually not found in raw meat, were detected in nonirradiated, precooked turkey breast and should have been formed during the cooking and the short exposure to air after cooking. Irradiation of cooked meat not only increased the amounts of hydrocarbons and aldehydes containing five or six carbons but also generated new hydrocarbons such as 2-methylpropane, 1-butene, butane, 1-heptene, heptane and octane, and sulfur compounds. The amounts of newly generated hydrocarbons produced by irradiation were dose-dependent. Among S compounds, 2,3-dimethyldisulfide was found only in irradiated samples, and the amount of thiobismethane increased by irradiation. The characteristic off-odor in irradiated raw pork was caused by S-containing volatiles (e.g., 2,3-dimethyldisulfide) produced by radiolytic degradation of S-containing amino acids (Ahn et al., , 2001 . Jo and Ahn (2000) reported that 2,3-dimethyldisulfide was produced from irradiated oil emulsion with S-containing amino acids such as methionine and cysteine.
The amounts of volatiles in vacuum-packaged, precooked nonirradiated turkey were smaller than those of aerobically packaged. After irradiation, however, vacuum-packaged, precooked turkey produced more volatiles than aerobically packaged, and the amounts of volatiles were irradiation dose dependent. At 5.0-kGy irradiation, precooked turkey breast produced more hydrocarbons and dimethyldisulfide than those at 0 or 2.5-kGy irradiation. Heptane and methylthioethane were detected only in precooked turkey breast irradiated at 5.0 kGy. The threshold dose for irradiation off-odor was 1.5 Different letters within a column with same irradiation dose are significantly different (P < 0.05); n = 4.
kGy for raw turkey breast meat (Sudarmadji and Urbain, 1972) . After 3 mo of frozen storage, more volatiles were generated, and the amounts of volatiles that existed at 0 mo also increased (Table 3) . Under aerobic conditions, most hydrocarbons, ketones (2-propanone and 2-butanone), and aldehydes (acetaldehyde, propanal, 2-methylpropanal, butanal, 2-methylbutanal, 3-methylbutanal, pentanal, and hexanal) increased proportionally with irradiation dose. Although TBARS values between irradiated and nonirradiated precooked turkey breast were not different, the production of volatile compounds associated with lipid oxidation-mainly aldehydes-were significantly different.
Sulfur-containing volatiles were very sensitive to irradiation dose and were found in large quantity after the 5.0-kGy irradiation treatment. Precooked turkey breast irradiated at 5.0 kGy had methanethiol and methylthioethane, but the 2.5-kGy-irradiated meat did not have any of those. A large amount of 2,3-dimethyldisulfide, a representative off-odor compound in irradiated meat, was found in 5-kGy-irradiated, precooked turkey breast after 3 mo of frozen storage but was found only in a small amount with 2.5-kGy irradiation. Ahn et al. (2001) reported that most S-containing compounds produced by irradiation in raw meat disappeared after aerobic storage. This study, however, showed that the S-containing compounds in precooked, irradiated turkey increased during frozen storage under aerobic conditions. During frozen storage of precooked meat, vacuum packaging was more beneficial than aerobic packaging in reducing oxidative changes. Although the volatile profiles were not much different in either packaging condition, the amounts of volatiles, especially aldehydes including hexanal, in vacuum-packaged, precooked turkey breast were much less than those in aerobically packaged breast. Hexanal and pentanal had a strong correlation with TBARS and off-flavor in meats (Ang and Lyon, 1990; Ahn et al., 1999) . The two aldehydes were produced less in vacuum-packaged than aerobically packaged, precooked turkey breast. The production of hexanal and pentanal agreed with TBARS results of precooked turkey. However, the amount of dimethyldisulfide in vacuumpackaged turkey was greater than that in aerobically packaged, and it also increased dramatically during frozen storage. Acetaldehyde, pentane, 2-propanone, and dimethyldisulfide were predominant volatiles in vacuum-packaged, irradiated turkey breast at 3 mo of storage.
In conclusion, frozen storage of precooked, irradiated turkey breast meat under vacuum was beneficial in preventing lipid oxidation but was not helpful in reducing the amounts of volatiles responsible for irradiation offflavor.
Pink Color Development
Irradiation, packaging, and storage all influenced the surface color values of precooked turkey breast (Table 4) . With vacuum packaging, irradiation increased the redness of precooked turkey breast, and the increases in redness were irradiation-dose dependent. The color changes in vacuum-packaged irradiated turkey breast were distributed over the whole sample, and the pink color was very stable during 3 mo of frozen storage. With aerobic packaging, however, irradiation had little effect on the color of precooked turkey breast. The pink color in irradiated, precooked turkey breast was very sensitive to oxidative environments. Satterlee et al. (1971) reported that the presence of air inhibited the formation of red color in irradiated bovine metmyoglobin solutions. L* values and b* values were decreased with the increase of storage time regardless of irradiation and packaging conditions, and the color of irradiated, precooked turkey breast at 3 mo of storage was much darker than the samples before storage.
The status of heme iron is very important to the chemical structure of heme pigments responsible for the meat color. Irradiation decreased the ORP of precooked turkey breast ( Table 5 ), indicating that irradiation induced reducing conditions in meat. The decrease of ORP was more distinct under vacuum than aerobic conditions. Therefore, it could be considered that stronger reducing conditions in irradiated meats could have pushed the heme iron into a ferrous state, which made it easy for hemeligand formation. Hydrated electrons (e aq − ), a free radical formed by irradiation can act as a powerful reducing agent (Swallow, 1984) . After 3 mo of frozen storage, the ORP of nonirradiated turkey was lower than that of irradiated turkeys under aerobic packaging. Under vacuum packaging, however, the ORP of irradiated samples was still lower than nonirradiated. Therefore, strong reducing conditions under vacuum packaging stabilized the pink color in irradiated, precooked turkey breast.
Irradiation as well as cooking produced a few carboncontaining gases such as CO and methane, and their amounts in precooked turkey breast were irradiationdose dependent (Table 6 ). The amounts of these gases were higher in vacuum packaging than in aerobic packaging. The amounts of the gases, however, decreased under Different letters within a row with same packaging are significantly different (P < 0.05); n = 4.
x-z Different letters within a column with same irradiation dose are significantly different (P < 0.05); n = 4.
both packaging conditions after 3 mo of storage, but a considerable amount of the gases still remained in the meat. CO has a strong affinity to heme pigments. With the decreased ORP values, ligand formation between CO and denatured heme pigment should have been increased. Our preliminary work with a model system showed that incompletely denatured myoglobin exposed to low levels of CO increased its red color intensity because of CO-myoglobin formation. Therefore, the increased redness in irradiated, precooked turkey could be caused by the CO-myoglobin formation with the help of increased reducing property by irradiation. Nevertheless, only one type of heme pigment cannot account for all the color changes in irradiated, precooked turkey. More study is needed to understand the mechanisms of color changes in irradiated cooked meat and why the CO produced by cooking did not influence the color of turkey breast as much as by irradiation. Liu et al. (1995) reported that lipid oxidation was positively correlated with pigment oxidation. Lipid oxidation and color changes, however, had no direct correlation in irradiated, precooked turkey breast during frozen storage (Tables 1 and 4 ). Irradiation accelerated the production of lipid oxidation and off-odor volatiles. Irradiation did not influence the color of aerobically packaged, precooked turkey but produced pinker color in vacuum-packaged precooked turkey. The red pigments formed by irradiation were stable during the storage. From these results, it can be concluded that the free radicals produced by irradiation might have reacted differently with lipids and heme pigments in precooked turkey breast. The free radicals might have played a role in promoting lipid oxidation and volatile production, but generated strong reducing conditions, which is helpful for CO-heme complex formation. Therefore, the results of free radical reactions in irradiated meats can be different, depending on the meat components with which they are reacting. The ORP and TBARS were determined to elucidate oxidative changes in irradiated turkey breast. The ORP of meat was a better indicator than TBARS in explaining the impact of reduced conditions produced by irradiation on meat color. TBARS was not correlated with the redness of precooked, irradiated turkey breast. In conclusion, irradiation can influence the quality attributes of meat differently depending upon the nature of reactants (meat components and free radicals). Different letters within a row with same packaging are significantly different (P < 0.05); n = 4.
Relationship Between Lipid Oxidation and Color Change
x,y Different letters within a column with same irradiation dose are significantly different (P < 0.05); n = 4.
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Gas concentration in headspace (14 mL) from 10 g of meat.
